(Received March 19, 1996) Summary The physiological and pharmacological effects of spices are mainly due to the active principles present in the essential oil fraction. Eugenol (4-allyl-2-methoxyphenol) is the major component of essential oil fraction of cloves and is present in other plants including basil, cinnamon, nutmeg, and betel quills [1] . It finds extensive use as a fragrance and flavoring agent in food products. The excellent antiseptic, analgesic, and antibacterial properties of eugenol afford medicinal application of it in dental and surgical pastes [2, 3] . The Joint FAQ/WHO Committee on food additives suggested an acceptable daily intake of eugenol of 2.5 mg/kg body weight for humans [4] . It is considered non-carcinogenic, nonmutagenic, and generally recognized as safe (GRAS) by the U.S. Food and Drug Administration [5] .
According to Halliwell and Gutteridge [6] , lipoxygenase-and cyclooxy- properties and inhibit lipoxygenases [7] . Eugenol inhibited non-enzymatic lipid peroxidation induced by Fee+-ascorbate and Fee+-H2O2 in addition to microsomal lipid peroxidation induced by Fe3+-ADP-NADPH, Cumen hydroperoxide, and CC14-NADPH [8, 9] . It also offered protection against CC14-induced hepatotoxicity in rats [10] . However, studies are required on the efficacy of eugenol as an inhibitor of enzymatic lipid peroxidation. Soybean lipoxygenase reaction with linoleic acid as substrate was used as a model for enzymatic lipid peroxidation in this study. The results demonstrate the inhibition of lipoxygenase-mediated lipid peroxidation by eugenol in a liposomal membrane system.
MATERIALS AND METHODS
Chemicals. Eugenol, soybean lipoxygenase (EC 1.13.11.12), type 1-S, containing 87,000 units/mg solid, linoleic acid; nordihydroguaiaretic acid (NDGA); and sodium dodecyl sulfate were obtained from Sigma (St. Louis, MO). All other chemicals were of analytical grade.
Preparation of microsomal lipids and liposomes. Livers were collected from 10-week-old Wistar/NIN (inbred) strain male rats weighing approximately 225 g. Liver microsomes were prepared as described by Ernster and Nordenbrand [11] . Microsomal lipids were extracted by the method of Bligh and Dyer [12] . Lipid phosphate was determined as described earlier [13] . Unilamellar liposomes were obtained by sonication (22 kHz at 4°C under anaerobic conditions) of a suspension of microsomal lipids (10 pmol lipid phosphate/ml) in deionized distilled water until the suspension became clear.
Lipoxygenase-catalyzed oxygenation of lipids. Lipoxygenase-catalyzed lipid hydroperoxide formation was assessed by monitoring oxygen consumption, by iodometry, and by thiobarbituric acid-reactive substances (TBARS) formation. Oxygen consumption was measured at 25°C with a Gilson oxygraph fitted with a Clark-type electrode (Model 5/6) as described previously [8] . Lipid hydroperoxides were determined by iodometry according to Buege and Aust [14] . Lipid peroxide level was determined according to Ohkawa et al. [15] at pH 3.5 with acetic acid.
RESULTS
Effect of eugenol on lipoxygenase-catalyzed oxygenation of linoleic acid in buffer Addition of lipoxygenase to linoleic acid containing buffer solution resulted in linoleic acid hydroperoxide formation as assessed by oxygen uptake and by iodometric estimation. Eugenol, even at higher concentrations (up to 1 mM) did not inhibit linoleic acid oxygenation by lipoxygenase in aqueous solution. On the other hand, NDGA, a known lipoxygenase inhibitor, inhibited the oxygen uptake ( Fig. 1) and lipid hydroperoxide formation (Table 1) in a concentration-dependent manner. Preincubation of lipoxygenase with eugenol for 10 min also did not result in inhibition of the enzyme reaction in buffer.
Effect of eugenol on lipoxygenase-catalyzed oxygenation of linoleic acid in hposoines Incubation of linoleic acid-containing liposomes with lipoxygenase resulted in lipid peroxidation as assessed by oxygen uptake, as well as by formation of lipid hydroperoxides and TBARS. Eugenol inhibited oxygen uptake in a concentrationdependent manner (Fig. 2) . As expected, lipid hydroperoxide formation also (Table 2) . Determination of TBARS is also a sensitive method for the assay of lipid hydroperoxides since the color obtained is similar to that formed with malondialdehyde [16] . Eugenol inhibited TBARS formation in a concentration-dependent manner. However, higher concentrations of eugenol were required for inhibition when compared with those needed for the inhibition of lipid hydroperoxide formation (Table 3) . Liposomes were thoroughly vortexed with the linoleic acid and eugenol for 2 min, and the reaction was then started by the addition of lipoxygenase. The oxygen uptake was monitored over time. 
DISCUSSION
Lipoxygenase catalyzes stereospecific hydrogen atom abstraction from unsaturated fatty acids, generating carbon-centered radicals that react with molecular oxygen to form peroxyl radicals and give rise to lipid hydroperoxides as final products [17, 18] . The lipid peroxidation brought about by this enzyme can be prevented by inhibiting the enzyme per se or by quenching radical intermediates of the reaction. Eugenol did not inhibit linoleic acid oxygenation in aqueous medium. Obviously, eugenol is not an inhibitor of lipoxygenase per se because NDGA, a known inhibitor of the enzyme, could inhibit the reaction under the same conditions. However, the radical-quenching ability of eugenol is also not expressed in aqueous medium probably due to limited accessibility of enzymebound radical intermediates to eugenol. In the liposomal membrane system, however, the inhibition of linoleic acid oxygenation by eugenol was prominent. In a membrane environment, the accessibility and hence the concentration of eugenol at the active site of the enzyme could be high, thus facilitating interaction of eugenol with linoleic acid radical intermediates. Earlier studies have shown that eugenol is incorporated into mitochondrial membranes and acts as a powerful antioxidant [8] . Similarly, incorporation of eugenol into liposomal membranes is probable in view of its hydrophobic nature.
The anti-inflammatory activity of eugenol has been attributed to reduced synthesis of chemotactic agents such as leukotrienes [19, 20] . Although decreased leukotriene formation in dental pulp in presence of eugenol is suggested to be due to inhibition of lipoxygenase [20, 21] , the present study indicates that the effect of eugenol may be due to the quenching of radical intermediates of the lipoxygenase reaction rather than the inhibition of the enzyme per se. In view of the proposed The complete reaction system contained the components mentioned in the legend of Fig. 2 . The reaction mixture was incubated at 3TC for 30 min and the reaction was stopped by adding 1.5 ml of 20% acetic acid containing 8.1% sodium dodecyl sulfate. The pH of the solution was then adjusted to 3.5 with NaOH, which adjustment was followed by the addition of 0.8% 2-thiobarbituric acid. The mixture was heated at 95°C for 60 min. The color was extracted into n-butanol : pyridine (15: 1), and absorbance was measured at 532 nm. Values are means ±SEM for three individual experiments, each performed in duplicate. and N. LAKSHMAIAH role of leukotrienes in inflammation and hypersensitivity [22] and the increased level of lipid peroxides in human diseases [23] , lipoxygenase inhibitors and freeradical scavengers assume clinical importance.
